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Quantizing Magnetic Field and Quark-Hadron Phase Transition in a Neutron Star
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We investigate the influence of a strong magnetic field on various properties of neutron stars with
guark-hadron phase transition. The one-gluon exchange contribution in a magnetic field is calculated
in a relativistic Dirac-Hartree-Fock approach. In a magnetic field of 10'® G in the center of the
star, the overall equation of state is softer in comparison to the field-free case resulting in the reduction
of maximum mass of the neutron star. [S0031-9007(97)04090-8]

PACS numbers: 26.60.+c, 12.39.Ba, 21.65.+f, 97.60.Jd

The matter density in the core of a neutron star couldield approximation. This method is rather general, so it
exceed up to a few times the nuclear matter saturatioshould be of correspondingly broad interest.
density. At such high density, it is expected that the We describe the calculation of the Fock term in the
quark degrees of freedom would be manifested. In factpresence of a magnetic field in a general formalism within
quark matter composed of comparable proportions of uphe o-w model [14,16]. In a uniform magnetic fielB,,
down, and strange quarks has been conjectured [1,2] @long thez axis, the Lagrangian is given by
be the true ground state of QCD at finite baryon density. -
Therefore, at such high baryon density, a transition fromf = ¥livuD* —m = go0 — guyu@*lY

nuclear matter to a stable quark matter is a possibility. 1 ., o 1 5 5, 1 _ 2
Several authors [3—6] have studied the effect of this phase + 2 (0%0) Pl 4 Opwy = dyw,)
transition on neutron star properties. 1
> : + —m?(w,)? (1)
The presence of strong magnetic fields in neutron stars 5 Mel®Pul

might have interesting astrophysical implications. Large
magnetic fieldB,, ~ 10'* G has been estimated at the in the usual notation [14]. The general solution for
surface of neutron stars [7]. On the other hand, in theéProtons isy(r) o« exp(—ie" s + ipyy + ip.z)fp, p. (%),
core, the field may have been amplified considerablyvhere the 4-component spinor at zero temperature
due to flux conservation from the original weak field fp,.».(x) is of the same form as in Ref. [14], but with
of the progenitor during its core collapse. In fact,the single-particle Hartree energs? replaced by the
field as large as~10'® G in the core is predicted [8] corresponding Hartree-Fock energy'™. The form of
using scalar virial theorem which is based on Newtoniarthe spinor in a magnetic field (see Ref. [14]) restricts the
gravity. At such high matter density, the effect of generalevaluation of the Fock term to strong fields such that
relativity is significant, and this gives rise to a very strongonly the zeroth Landau leve = 0, is populated. The
gravitational force [9] on the star. Consequently, theposition dependent part can then be decoupled so that it
value of B,, is expected to be further increased abovereduces to the form
10'"® G. Because of highly conducting core, such a high HE
field is frozen in [10] and may not manifest at the surface. €v=0 t Puz
The energy of a charged particle changes significantly in f;:[? (x) = N,— _0 . L—op,(x), (2
the quantum limit if the magnetic field is comparable to or o (’)" '
above a critical value.; [11], and the quantum effects
are most pronounced when the particle moves in the HF . HE HE
lowest Landau level. The interaction of charged particleyvhere N,—o = 1/\/261/:0(61/:0 + py) and €,—g =
with strongly quantizing fields has been shown to modifye[},fp - - ub(p,) = Vpi, + m*2. The DHF equa-
the gross properties of matter on the surface [8,12] as wetlon of protons fory = 0 can then easily be written as
as in the core of neutron stars [13,14].

Theoretical studies of Fock (exchange) term, relevant [a.p. + B(m + U™ + UNu(p,) = €)Fu(p.), (3)
to the star surface/crust, in intense magnetic field have
been carried out using the simple Thomas-Fermi-Dirasvhere the effective mass* = m + U + UL (p.), and
model [15]. In this Letter, we investigate the compositionu(p,) is the momentum dependent part of the spinor.
and structure of neutron stars with quark-hadron phasEor B, # 0, the Hartree contributiorU" is given in
transition under the influence of strong magnetic fields irRef. [14]. The Fock termU” in general is given by
the Dirac-Hartree-Fock (DHF) approach within a mean{17] BU"(p.) = BU% (p.) + U (p.) + a - pUV(p.),
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where p is the unit vector alongg,,. For B, # 0 the  where ®(x,y) = x@i,{z + 32 In{(x + (91‘%2)0} with

different terms are given by i =f or e. The notation in Eq. (4) is the same as
- 1 +pr m* that in Ref. [14], but the first term corresponds to those
U = — f dg, ——= U, — 4Js), for quarks withd, = 3 and the second term is that for
5(p) t6r2 ), Vay: + m*z( : electrons. The ]';otal energy density of the pure quark
F 1 *pr phase is then E4 = Eg + >, " + £, + B,
U (p2) = 16 f, dq:(Jo + 2Ju), whereB is the bag constant and the magnetic field energy
pr density isE,, = B2 (ny,/no)/(87). Since the higher order
UE(p.) = — 1 f+pF d qv: contributions of the density dependent figh,(n,/no)
viP: 1672 J_,, 9z Jaz. + m*? [given by Eg. (5)] to number densities and chemical
X (Jy + 2J.). i potentials of different species are found to be negligible,

the magnetic energy density and magnetic pressure have
Here q.,. =q.[l1 + Uy(p.)/q.] and J, =g been treated perturbatively. The pressure follows from

exp(i2/2gB,,) [T/ do secd erf(l, secd//2qB,) with the relationP? =3, yusns + p.n, — E9, where uy

2=(p, — q.) — (eHF — E?F)z +m?2, and erf(x) denotes the quark chemical potential and= (dsqB../
denotes the error functiong,s correspond to meson 272) Zz:i“}) g,,(,u;tz - m}?,,)lﬂ is the quark density. The

coupling constants witha = (o, w). The exchange . . _ o ’
contribution forB,, = 0 is given in Ref. [17,18]. It is elzectgt/)zn denS|ty_ IS e = .(83”1/277 ).ZV:‘) gv(ue —
straightforward to extend this formalism to calculate themf"’) N and Pre 1S ;:hemlcal potential. The charge
exchange interaction for electrons in the outer crust opeutrality condition,0? =3, ¢;n; — n, =0, and the

a strongly magnetized neutron star [15,19] and also fof -equilibrium conditionsuq = py + pe = ps, can be

a magnetized pair Fermi gas [20] at finite temperaturesowe‘j self-consistently together with the effective masses

. ; . at a fixed baryon number density = (n, + nq + n,)/3
and baryon density in exotic stellar objects and COSmOIto obtain the equation of state (EOS) for the deconfined

ogy. To explore the quark-hadron phase transition, we hase. For the ease of numerical computation we, how-

demonstratg here the extension of the DHF apprqach ever, add here the one-gluon exchange term perturbatively
the calculation of the one-gluon exchange term in the[ K .

uark phase. 0 energy d_enS|ty and pressure. o
q The pure quark phase consistinguofd, ands quarks To describe pure hadronic matter consisting of neutrons
. pure 9 b 9 L q én), protons(p), and electronse)), we employ the linear
interacting through one-gluon exchange in local charg tr-w-p model of Ref. [21] in the relativistic Hartree

neutral andB-equilibrium conditions is described by the . : .
. ; approach. Neglecting the Fock term in hadron phase is

pag model [2]. The [.)HF equaﬂon; of motion f_or Oluarksquite justified as the Hartree energy grows I;da(% while

in strong magnetic field can readily be obtained fromthe exchange energy behaves s [22], so the Fock

Eq. (3) by dropping theo-meson term and replacing correction tg the E%yS is expected to be small [18,22]

the w-meson coupling by the quark-gluon coupling, "€ The EOS for this phase is obtained by solving self-

gw — (g/2)A),, where a(b) corresponds to the color . : : . : :
o . consistently the effective mass in conjunction with the
charge of the outgoing (incoming) quark akslare SU(3) charge neutrality andg3-equilibrium conditions,Q" =

generators. The Hartree teri i) vanishes because the no— 0 =0 and _ + at a fixed barvon
color symmetric combination~tr A) does not couple to " * ¢ LM = Hp T Re y
Slumber densityr,. Heren; and u; denote the number

the gluons. The interaction energy density is then due tdensity and chemical potential: the subscriptefers to
the exchange term only, and this to orgérfor each flavor n, p, ande. The energy densithh — Fy + F, (Fis

with B,, # 01s the contribution to the energy density due to nucleons and
f : .
FI0 _ a/Bm [P o lur s Do U elect}[ons [14]) and prsssuﬂeﬁ in this phase are related
1 - 8772 / Pz 0 2 v | byP :Zi ni/Li_f .
T ~—PF 2 +
VPuz mg

The mixed phase of hadrons and quarks composed
. f ] of two conserved charges, baryon number, and electric

where g, my, and pp are the charge, effective mass, charge is described following Glendenning [4]. The

and Fermi momentum of quark gith flavor. The QCD  ¢onditions of global charge neutrality and baryon number

coupling constant is defined ly. = g*/47. The general conservation are imposed through the relatign@” +
expression (for allv) for the total kinetic energy of the (1 — )04 = 0 andn, = ynl! + (1 — x)n/, where y

quark phase in a magnetic field is represents the fractional volume occupied by the hadron
dea B phase. Furthermore, the mixed phase satisfies the Gibbs’s
FL = Z szm Z qu)(,u?,m? ) phase rulesu, = 2u, + wuy and P" = P4, The total
fLads AT 05 T energy density i€ = yE" + (1 — y)E9.
5 e In the present calculation the values of the dimension-
€bm less coupling constants far, w, and p mesons deter-
e VZO grPlpesmer), @ mined by reproducing the nuclear matter properties at a
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saturation density ofiy = 0.16 fm~3 are adopted from stiffer over the entire density range compared to those for
Ref. [4]. The current masses of and d quarks are B,, = 0, with or without the exchange term. Therefore,
taken asm, = my = 5 MeV and m; = 150 MeV, and for By = 5 X 10'® G, the onset of mixed phase occurs
the QCD coupling constant ia. = 0.2. We consider at 4.108. The stiff EOS for both hadronic and interact-
the bag constanB = 250 MeV fm~3 which corresponds ing quark sectors aBy = 5 X 10'® G reduces the upper
to the lower limit dictated by the requirement that, at lowboundary to a density of, = 25.754 and thereby also the
density, hadronic matter is the preferred phase. The variaxtent of the mixed phase. Since the EOS of NQP with
tion of the magnetic field,, with densityn, from the By =5 X 10'® G is the stiffest of all the cases consid-
center to the surface of a star is parametrized by the fornered above, the boundaries of the mixed phase are maxi-
— mally shifted to the lowest baryon densitiesiat= 3.326
Bu(ny/no) = By, + Boll — exp{—=B(ny/no)"}1. (5) andu, = 17.530, and thus has the smallest mixed phase
where the parameters are chosen to ®e= 0.01 and extent.
v = 3. The maximum field prevailing at the center For the field-free case, with the appearance of quarks,
is taken asB, = 5 X 10'® G, and the surface field is the neutron and electron abundances are found to de-
Bt = 10'* G. The number of Landau levels populatedcrease since quark matter furnishes both baryon num-
for a given species is determined by the fiddg and ber and negative charge. Wity = 5 X 10'® G, apart
baryon density [14]. Over the entire density range fromfrom reducing the mixed phase extent, the magnetic field
the surface to the core, we find that the nucleonicenhances the electron fraction in the hadronic sector
energy density (pressure) dominates substantially ovgil4]. Because of charge neutrality condition, = n,
the magnetic field energy density (pressure). Hencén the hadronic phase the proton fraction is also in-
matter can sustain such a high field without injecting anycreased. The enhanced electron abundance persists even
instability in the corresponding EOS. in the mixed phase. In the mixed phase, with =
With this parameter set, we show in Table |, the mixed5 X 10'® G, the u-quark abundance is found to be en-
phase boundaries of neutron star By, = 0 and for hanced, while those af ands quarks remain practically
B, # 0 with interacting quark phase (IQP). To examine unaltered.
the measure of the importance of the exchange contribu- The maximum masses of the stade,,x, obtained by
tion, the corresponding results for matter with noninter-solving the Tolman-Oppenheimer-Volkoff equation [9]
acting quark phase (NQP) are given in parentheses. Thare given in Table | for different cases studied. With only
onset of transition is at density, = u;ny, and the pure nucleons and electrons, without any quark, the maximum
quark phase begins at density = u;ng. For matter with masses of the stars ar§78M, and1.643M, for B,, = 0
NQP andB,, = 0, the boundaries are at = 3.329 and and By = 5 X 10'® G. This is a manifestation of the
up = 17.681. With the inclusion of interaction, the EOS softening of the EOS in magnetic field for these stars
for the quark phase becomes softer and transition to fl4]. However, the introduction of quarks, which softens
mixed phase is delayed to = 4.107. At high density, the overall EOS, causes the maximum mass to be smaller.
as expected, the EOS for the quark phase is softer rd-or B,, = 0, the inclusion of one-gluon exchange in the
sulting in a larger shift ini, to 25.941 compared to that quark sector causes a delayed appearance of the pure
in u;. As a consequence, the extent of the mixed phasquark phase, and this results in a stiffer overall EOS
is increased. With further inclusion of magnetic field with a larger maximum mass of.707M, in contrast
By = 5 X 10" G, the situation is reversed. The EOS forto matter with NQP. Because of further softening of
the hadronic sector fa8,, # 0 is found to be softer atlow the EOS byB, = 5 X 10'® G for matter with IQP, the
density, and it turns out to be stiffer at high density com-maximum mass is reduced to a value 16§49M,. The
pared to the field-free case [14]. On the other hand, themallestM ., = 1.466M, is obtained for the softest EOS
EOS for the IQP withB,, # 0 is found to be considerably with this value ofB, for matter with NQP. The central

TABLE I. The phase boundaries; andu,, and central densitieg. of stars with maximum masse4,,.. /M. with and without
magnetic fields that undergo a quark-hadron phase transition with interacting quark phase. The corresponding quantities with
noninteracting quark phase are shown in parentheses. The variation of magnetic field with densitiven by Eq. (5) with

B =001,y =3 for By =5 X 10"® G andB, = 10" G. Calculations are performed for the hadronic Lagrangian of Zimanyi

and Moszkowski (ZM) [21] and Serot and Walecka (SW) [16]. The bag consta®it=s250 MeV fm ~3, and the nuclear matter
saturation density, is 0.16(0.1484) fm~3 for ZM(SW) model.

Hadronic model B, (G) u, = ni/ng u, = ny/ng u. = nq/ng Mmax/Mo
ZM 0 4.107(3.329) 25.941(17.681) 7.152(7.754) 1.707(1.610)
10M-5 X 10'8 4.108(3.326) 25.754(17.530) 6.902(7.104) 1.549(1.466)
104-10" 4.130(3.312) 25.383(17.085) 5.214(5.016) 1.331(1.268)
SW 0 2.158(1.953) 9.523(7.837) 4.259(4.012) 2.594(2.279)
104-5 x 10'8 2.159(1.945) 9.374(7.769) 3.252(3.554) 2.342(2.017)
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